MicroRNA-155 (miR-155) regulates antitumor immune responses. However, its specific functions within distinct immune cell types have not been delineated in conditional KO mouse models. In this study, we investigated the role of miR-155 specifically within T cells during the immune response to syngeneic tumors. We found that miR-155 expression within T cells is required to limit syngeneic tumor growth and promote IFN␥ production by T cells within the tumor microenvironment. Consequently, we found that miR-155 expression by T cells is necessary for proper tumor-associated macrophage expression of IFN␥-inducible genes. We also found that immune checkpointblocking (ICB) antibodies against programmed cell death protein 1/programmed death ligand 1 (PD-1/PD-L1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) restored antitumor immunity in miR-155 T cell-conditional KO mice. We noted that these ICB antibodies rescued the levels of IFN␥-expressing T cells, expression of multiple activation and effector genes expressed by tumor-infiltrating CD8 ؉ and CD4 ؉ T cells, and tumor-associated macrophage activation. Moreover, the ICB approach partially restored expression of several derepressed miR-155 targets in tumor-infiltrating, miR-155-deficient CD8 ؉ T cells, suggesting that miR-155 and ICB regulate overlapping pathways to promote antitumor immunity. Taken together, our findings highlight the multifaceted role of miR-155 in T cells, in which it promotes antitumor immunity. These results suggest that the augmentation of miR-155 expression could be used to improve anticancer immunotherapies.
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MicroRNAs are a class of non-coding RNAs that function in immune cells by modulating gene expression posttranscriptionally via binding to the 3Ј UTR of their target mRNA in a sequence-specific manner to repress the expression of these targets (1) . MicroRNA-155 (miR-155) is a key regulator of the immune response in contexts ranging from autoimmunity to infection to immunization (2) (3) (4) . miR-155 has more recently emerged as a regulator of tumor immunity because of its influence on the anti-tumor activity of a variety of immune cells, including T cells, natural killer cells, and myeloid populations (5-7). We previously reported a defect in the accumulation of IFN␥-expressing CD4 ϩ and CD8 ϩ T cells in tumors from mice genetically deficient in miR-155, and this correlated with increased growth of syngeneic B16f10 melanomas (8) , an observation also made by an independent laboratory (9) . Other studies found that overexpression of miR-155 in ovalbumin (OVA)-specific 2 CD8 ϩ T cells resulted in a robust antigen-specific immune response to B16 melanoma tumors that expressed OVA (5) and that miR-155 overexpression promoted the proliferation and effector function of CD8 ϩ T cells in response to anti-tumor ␥ c cytokines (10) . A regulatory role for miR-155 in regulatory T cells was also reported in the setting of tumor immunity (11) . Altogether, these studies provide evidence that miR-155 functions in various T cell types as they respond to solid tumors. miR-155 is highly up-regulated in macrophages responding to LPS and other inflammatory stimuli (12) . It is also expressed in tumor-associated macrophages (TAMs) (7) and is thought to be important in the polarization process of macrophages and monocytes to a pro-inflammatory anti-tumor phenotype (13) . Ex vivo knockdown and overexpression of miR-155 in TAMs demonstrated that miR-155 expression in these cells promotes a pro-inflammatory M1 phenotype (14) . This work, along with evidence showing that MMTV-PyMT mice develop spontaneous breast cancer at a higher rate when miR-155 is knocked down using a lentivirus-delivered inhibitory sponge in TAM populations (7) , suggests that miR-155 expression within the cro ARTICLE macrophage compartment inhibits tumor growth by creating a pro-inflammatory tumor microenvironment. Additionally, there is evidence that miR-155 also regulates myeloid-derived suppressor cell responses in tumor-bearing mice (9, 15) . Thus, in addition to T cells, miR-155 also appears to play important biological functions within the myeloid compartment during tumor immunity.
Despite this important progress, several unanswered questions about the role of miR-155 during antitumor immunity remain. The cell-intrinsic roles of miR-155 during T and myeloid cell responses to solid tumors have not been examined using miR-155-conditional knockout mice that do not require manipulations such as bone marrow reconstitution or adoptive transfers. Further, a potential role for miR-155 in regulating cross-talk between T cells and TAM populations within the tumor microenvironment has not been explored, nor has it been determined whether defective antitumor responses by miR-155 Ϫ/Ϫ T cells can be reversed. In this study, we employed miR-155-conditional knockout mice to test T cell-and macrophage-specific roles of miR-155 in response to a syngeneic B16f10 melanoma tumor. We found that miR-155 expression within the T cell compartment is required to promote optimal anti-tumor CD4 ϩ and CD8 ϩ T cell responses and reduce tumor growth. Additionally, miR-155 expression by T cells promoted the activation of TAMs through the induction of IFN␥-inducible genes, whereas its expression by LysM ϩ TAMs was not required for this response to occur. We also discovered that ICB therapy largely rescues anti-tumor immune responses in miR-155 T cell-conditional knockout (TCKO) mice and that it does so by restoring the levels of IFN␥-expressing T cells, TAM activation, and expression of several T cell activation and effector genes. Additionally, ICB also reduced the expression of several miR-155 target genes that were derepressed in T cells lacking miR-155. This indicates that miR-155 and ICB reagents regulate overlapping pathways. Our findings clearly demonstrate that T cell-expressed miR-155 plays a significant role in promoting the endogenous, multicellular immune response against solid tumors and that evaluation and/or augmentation of its expression may be a clinically relevant tool for immunotherapy.
Results

T cell-specific deletion of miR-155 reduces the levels of intratumor IFN␥-expressing T cells and promotes the growth of B16f10 tumors
To assess the role of miR-155 expression within T cells following a solid tumor challenge, we injected syngeneic B16f10 melanoma cells into miR-155 TCKO mice in which miR-155 was conditionally deleted in CD4 ϩ and CD8 ϩ T cells via CD4-Cre (3) . During the development of T cells in the thymus, all CD4 ϩ and CD8 ϩ T cells undergo a double-positive CD4 ϩ CD8 ϩ stage in which they will express Cre under the control of CD4 and thus delete floxed genes in cells that will become either CD4 ϩ or CD8 ϩ T cells. On day 12 after injection, miR-155 TCKO mice exhibited modestly increased tumor sizes compared with 155 fl/fl controls, as measured by diameter (Fig.  1A) and weight (Fig. 1B) of the transplanted tumors. These experiments were also performed using CD4Cre ϩ controls, and we obtained similar results (data not shown). We previously observed increased tumor growth in whole-body miR-155-deficient mice along with a defect in the numbers of intratumor IFN␥-expressing CD4 ϩ and CD8 ϩ T cells (8) . Therefore, we assayed the production of this cytokine by tumor-infiltrating T cell populations from miR-155 TCKO mice and controls. We found an overall decrease in the percentage of CD45 ϩ immune cells within tumors of these knockout mice, accompanied by a further reduction in the percentage of IFN␥ ϩ cells within the CD45 compartment (Fig. 1, C and D) . We also noted a trending decrease in the percentage of CD8 ϩ T cells and a significant decrease in CD8 ϩ IFN␥ ϩ T cells (Fig. 1 , E and F) within the tumor microenvironment when miR-155 was specifically lacking from T cells. Additional analysis of the T cell compartments within the tumors also revealed a significant decrease in the percentages of CD4 ϩ T cells and CD4 ϩ IFN␥ ϩ T cells in our miR-155 TCKO mice compared with controls ( Fig. 1, G and H) .
Reduced activation of TAMs in miR-155 TCKO tumor-bearing mice
To further assess the effects of macrophage intrinsic versus extrinsic miR-155 expression on TAM phenotypes within the tumor microenvironment, we sorted macrophages from B16f10 tumors growing in miR-155 TCKO mice, miR-155 macrophage-conditional knockout mice (MCKO), and control mice on day 12 post-tumor administration based on their expression of CD45, CD11b, and F4/80 ( Fig. 2A) . Deletion of miR-155 from miR-155-floxed macrophages by LysM-Cre was verified by qPCR analysis of mature miR-155 transcript levels in bone marrow-derived macrophages (supplemental Fig. S1A ). TAMs sorted from miR-155 TCKO mice had a marked decrease in mRNA levels encoding several IFN␥-inducible genes (Fig. 2B) , consistent with reduced percentages of tumorinfiltrating, IFN␥-producing T cells in these mice, whereas TAMs from miR-155 MCKO mice expressed near WT levels of these genes. This particular gene subset was also confirmed to be IFN␥-inducible, as their expression was blocked in IFN␥R Ϫ/Ϫ macrophages isolated from B16f10 tumors (Fig. 2C) . Further, TAMs from miR-155 TCKO mice also had defective surface expression of MHCI and CD40, as determined by FACS, whereas miR-155 MCKO mice expressed WT levels of these cell surface proteins (Fig. 2 , D-G, and data not shown). Also of note, miR-155 MCKO mice challenged with B16f10 tumors showed no difference in tumor growth or in the percentages of IFN␥-producing T cells in the tumor microenvironment (supplemental Fig. S1 , B-D). Additionally, tumor growth in miR-155 MCKO mice given B16f10-OVA tumors was similar to control mice (supplemental Fig. S1E ). Taken together, these results support a model whereby deletion of miR-155 expression in T cells results in decreased accumulation of IFN␥-producing T cells within the tumor microenvironment, and this results in decreased TAM expression of IFN response genes involved in their activation and antitumor responses.
ICB therapy rescues defective anti-tumor immune responses by miR-155 TCKO mice
ICB of PD-1, PD-L1, and CTLA-4 has recently shown great promise in the clinic, as it promotes T cell responses to solid tumors by blocking inhibitory signals T cells receive from their environment (16 -19) . The utilization of combination therapy with these agents is effective for treating advanced cases of melanoma (20 -22) , and a previous study demonstrated that anti-PD1/PD-L1/CTLA-4 treatment extends the survival of mice challenged with the B16f10 melanoma cell line (23) . Both miR-155 and ICB are critical drivers of T cell activation; thus, we were interested in understanding whether miR-155 is a downstream effector of ICB responsiveness. To determine whether ICB can reverse defective T cell-mediated tumor immunity observed in miR-155 TCKO mice, we administered a combination of ␣PD-1, ␣PD-L1, and ␣CTLA-4 antibodies to miR-155 TCKO and control mice with B16f10-OVA tumors. The results indicate that ICB significantly reduced tumor diameters and weights in miR-155 TCKO as well as control mice (Fig. 3, A and B). The percentage of CD8 ϩ T cells producing IFN␥ increased significantly within the tumors of treated miR-155 TCKO mice ( Fig. 3C) , and the percentage of CD4 ϩ T cells producing IFN␥ in miR-155 TCKO mice treated with ICB was rescued back to levels seen in control miR-155 fl/fl mice treated with ICB ( Fig.  3D) . Additionally, defective CD40 and MHCI expression on TAMs from miR-155 TCKO mice returned to WT levels following ICB (Fig. 3E ). These data indicate that ICB can rescue miR-155 tumor immunity phenotypes, where it reduces tumor growth, restores the levels of IFN␥-producing T cells, and promotes the activation of TAMs in miR-155 TCKO mice. This reveals that defective T cell antitumor immunity in the absence of T cell-expressed miR-155 is a defect that can be reversed.
Defective expression of effector and activation genes in miR-155 ؊/؊ T cells is enhanced by ICB
We next wanted to determine whether miR-155 expression within CD8 ϩ and CD4 ϩ T cells had an impact on additional genes that control effector function and/or activation of T cells within the tumor microenvironment, and if so, assess whether their expression is recovered following ICB. To accomplish this, we sorted both CD4 ϩ and CD8 ϩ T cell populations from miR-155 fl/fl mice and miR-155 TCKO mice bearing B16f10-OVA tumors and miR-155 TCKO mice given ICB antibodies and performed RNA sequencing. The results indicate that CD8 ϩ and CD4 ϩ T cells each clustered according to genotype and treatment status (Fig. 4, A and B) . The treatment effect occurring with ICB treated CD8 ϩ T cells from miR-155 TCKO mice clustered more closely with CD8 ϩ T cells from miR-155 fl/fl mice than with untreated CD8 ϩ T cells from TCKO mice (Fig. 4A) ϩ T cell effector genes, including IFN␥, granzyme B, perforin, and Tnf, were dependent on miR-155, all of which were rescued by ICB, with the exception of Tnf (Fig. 4C) . The activation markers Klrg, Cd62l, Ctla4, and Pdcd1 all indicated that miR-155 TCKO CD8 ϩ T cells were less activated than WT cells, but when treated with ICB reagents, these activation markers returned to WT levels (Fig. 4D) . Finally, miR-155 expression in CD4 ϩ T cells was required for the transcription of the effector genes IFN␥ and Tnf in addition to the down-regulation of Cd62l in the absence of ICB (Fig. 4E ). These genes, including the activation marker CD69, trended toward being restored to near WT levels with ICB. These results demonstrate an expanded role for miR-155 expression within tumor-infiltrating T cells, where its deletion reduces the expression of a subset of critical activation markers and effector genes and again shows that ICB can rescue most of these phenotypes.
ICB reduces the expression of miR-155 targets in tumorinfiltrating CD8 ؉ T cells from miR-155 TCKO mice, including the novel target IL7r
One potential mechanism whereby ICB may recover antitumor responses in miR-155 TCKO mice is by modulating the levels of direct miR-155 targets within T cells. To determine whether this was occurring, we utilized previously reported HITS-CLIP data generated with miR-155-deficient T cells (24) and found that, of the 191 predicted miR-155 targets from this dataset, 23 of these genes were significantly elevated in miR-155 TCKO CD8
ϩ T cells compared with WT CD8 ϩ T cells (Fig.  5A ). 16 of these targets decreased in miR-155 TCKO CD8 ϩ T cells from tumor-bearing mice treated with ICB. Seven targets were significantly increased in miR-155 TCKO CD4 ϩ T cells, and four of these targets were reduced during ICB (supplemental Fig. S2A ). miR-155 host gene expression was confirmed to be deleted in both CD8 ϩ and CD4 ϩ T cells ( Fig. 5B and supplemental Fig. S2B ). The targets Socs1, Bach1, and Cebpb, which are known targets of miR-155 during antitumor immunity and in other contexts (5, 25, 26) , were all significantly elevated in miR-155 TCKO CD8 ϩ tumor-infiltrating T cells and were rescued to near WT levels in ICB-treated miR-155 TCKO mice (Fig. 5C ). IL7r is an important surface molecule whose expression is dynamically regulated throughout the development and activation of CD8 ϩ T cells (27) , and this putative target had a similar expression pattern as the targets in CD8 ϩ T cells mentioned previously (Fig. 5C ). Il7r expression was also decreased 
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by ICB in CD4 ϩ T cells (supplemental Fig. S2C ). HITS-CLIP data reported previously (24) demonstrate decreased binding of the IL7r 3Ј UTR by the RNA-induced silencing complex (RISC) in the absence of miR-155 (Fig. 5D) , and we performed luciferase assays that confirmed functional miR-155 targeting of the IL7r 3Ј UTR through a binding site-dependent mechanism (Fig. 5E) . Together, these data support a model whereby miR-155 targets a subset of genes in T cells that regulate antitumor responses, with a large portion of these genes also being regulated by ICB. This indicates that miR-155 and ICB regulate overlapping pathways as they promote antitumor immunity mediated by T cells.
Discussion
The tumor microenvironment plays a key role in determining the type of immune response that is mounted against developing tumor cells. Recent successes in tumor immunotherapy, driven by the emergence of ICB therapies, demonstrate the utility of further understanding the molecular mechanisms that influence the anti-tumor immune response within the tumor microenvironment. miR-155 is one such regulator that is emerging as a critical modulator of the immune response to solid tumors. This study and previous work indicate that its expression within CD4 ϩ and CD8 ϩ T cells reduces the growth of syngeneic B16f10 tumors and increases the levels of IFN␥-expressing T cells within tumors. This study also found that miR-155 plays an expanded role in modulating the expression of effector molecules such as granzyme B, perforin, and Tnf in CD8 ϩ T cells within the tumor microenvironment and that it regulates the expression of several activation genes in both CD8 ϩ and CD4 ϩ T cells in this environment. In addition to demonstrating that miR-155 functions in a cell-intrinsic manner within T cells to mediate effector gene expression, we show that a lack of miR-155 expression in T cells results in decreased IFN-inducible gene expression by tumor-associated macrophages, which is likely necessary for shaping a microenvironment that can reduce tumor growth. These are valuable insights into how miR-155 promotes cross-talk between T cells and macrophages within the tumor microenvironment. We previously observed no defects in T cell numbers in miR-155 TCKO mice under homeostatic conditions (3), and these data suggest that there is not a general decrease in T cell numbers in the periphery upon genetic deletion of miR-155. Thus, defects in the number of IFN␥-expressing T cells in tumors in miR-155 TCKO mice could involve defective initial activation in draining lymph nodes. It may also involve the inability of T cells that arrive at the tumor to become or remain activated and promote effector molecule production, resulting in reduced T cell numbers and defective antitumor responses within the tumor microenvironment. Finally, it is also possible that this can be explained by fewer activated T lymphocytes being able to home to and/or infiltrate into the tumor in the absence of miR-155. Future experiments will be required to carefully unravel the mechanistic basis for the defective levels of IFN␥-expressing T cells in tumor-bearing miR-155 TCKO mice.
The substantial rescue of CD8 ϩ T cells by ICB, in combination with the partial rescue of CD4 ϩ T cells, was sufficient to largely restore antitumor immunity in miR-155 TCKO mice. CD8 ϩ T cells play critical roles in direct tumor killing. This may explain why a more complete rescue of miR-155 Ϫ/Ϫ CD8 ϩ T cells by ICB was necessary for controlling tumor growth in this model. However, even though miR-155 Ϫ/Ϫ CD4 ϩ T cells were rescued to a lesser extent by ICB than CD8 ϩ T cells, the genes that trended toward being recovered include key effector genes such as IFN␥ and Tnf, and these may be key to the role CD4 ϩ T cells play in this context. Future studies will be needed to better understand why ICB has a larger impact on miR-155 Ϫ/Ϫ CD8 ϩ T cells versus miR-155 Ϫ/Ϫ CD4 ϩ T cells. Macrophages are known to play vital roles in regulating the inflammatory microenvironment in a manner that can inhibit or promote tumor growth, depending on the type of macrophage response that occurs (28, 29) . The secretion of IFN␥ promotes a pro-inflammatory M1 macrophage response, but it is apparent that many other factors that are intrinsic or extrinsic to the macrophage compartment can shape this outcome (30) . Previous studies utilizing whole-body knockout, overexpression, and other gene ablation techniques to study miR-155 expression within the myeloid compartment have demonstrated a role for miR-155 in maintaining M1 macrophage identity and function both in vitro and in vivo to prevent tumor metastasis and de novo tumor formation (7, 14, 31) . However, our results, which are based on the commonly utilized LysMCre genetic deletion model, find that intrinsic expression of miR-155 within LysM-expressing macrophages is dispensable for the growth of B16f10 cells and TAM activation in this setting. Although the LysM-Cre model does have caveats (32, 33) , our study indicates that the importance of macrophage-expressed miR-155 may be contextual and dependent on the tumor model and mode of miR-155 disruption being utilized. Further studies utilizing miR-155 MCKO mice and additional myeloid cell Cre driver strains will be necessary to understand the role of macrophage-expressed miR-155 within the context of different tumor types, including de novo and transplanted, and should provide additional understanding of where and when miR-155 regulates macrophage functions.
MicroRNAs fulfill many biological functions within immune cells by targeting the 3Ј UTR of target mRNAs containing sites complementary to the six-to eight-nucleotide seed region of a given microRNA (1, 34, 35) . The utility of this system allows a single microRNA to target multiple target genes that function within similar pathways to promote cellular effector functions. miR-155 is a canonical pro-inflammatory microRNA that allows immune cells, including those found within the tumor 
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microenvironment, to fulfill their inflammatory effector functions in a variety of contexts (36) . Targets such as Ship1, Socs1, and Ptpn2 are a few targets of miR-155 shown to individually promote specific functions within T cells (5, 8, 10) , but it is likely that these, and many other targets, are functioning together to promote the effector function of these cells. Our 
data identify multiple derepressed miR-155 targets in tumorinfiltrating T cells by day 12 after tumor administration, including the target IL7r, which we show is a direct target of miR-155 in T cells. IL7 signaling regulates T cell survival, homeostasis, and proliferation during T cell development and homeostatic proliferation. Further, IL7r is down-regulated in T cells following T cell receptor (TCR) and/or IL2 stimulation (37), whereas miR-155 levels are known to increase during T cell activation (38) . We show direct targeting of IL7r mRNA by miR-155, suggesting that miR-155 contributes to the repression of IL7r expression in response to activation signals. Thus, our data support a model whereby part of the role of miR-155 in promoting T cell activation involves repression of IL7r levels so that T cells can function properly upon activation. The down-regulation of IL7r levels in miR-155 Ϫ/Ϫ T cells in response to ICB is an indicator of the increased level of activated miR-155 Ϫ/Ϫ tumorinfiltrating T cells in response to this treatment. The observation that ICB partially restored IL7r and many other targets back toward WT levels in miR-155 TCKO mice suggests a possible mechanism whereby ICB is promoting T cell effector function by modulating direct targets of miR-155. Although the mechanistic basis for this is presently unclear, it suggests that miR-155 and ICB promote T cell antitumor responses through overlapping pathways.
It is clear from our study that miR-155 functions within the T cell compartment through a variety of mechanisms that include cross-talk with TAMs to constrain tumor growth in mice challenged with B16f10 tumors. This supports a growing literature indicating that miR-155 has significant translational potential as a promoter of antitumor responses (5, 10). Additionally, our study suggests that miR-155 and ICB therapy may function via overlapping pathways, as expression of miR-155 within T cells was largely dispensable for recovering the anti-tumor immune response by ICB, and ICB resulted in decreased expression of the targets derepressed in miR-155 TCKO tumor-infiltrating T cells. Previously, it has been observed that B16f10 tumors respond poorly to treatment with a single checkpoint-blocking antibody, such as CTLA-4, in the absence of other treatments (39) . Our data indicate that antibody blocking of PD-1, PD-L1, and CTLA-4 further enhances T cell effector responses in the context of poorly immunogenic tumors and also suggest that increasing miR-155 expression in T cells may be a useful treatment alternative to ICB that may result in a similar outcome. The capacity of miR-155 to bolster the T cell compartment strongly suggests that overexpression of miR-155 within adoptively transferred, antigen-specific T cells or within chimeric antigen receptor T cells developed to specifically target tumors in cancer patients could improve responses by both cell types in a clinical setting. Further research in this area will hopefully lead to more treatment options for cancer patients and a greater ability to provide personalized treatment with successful outcomes.
Experimental procedures
Mice C57BL/6 mice engineered to contain LoxP sites flanking miR-155 (The Jackson Laboratory) were crossed to mice expressing Cre under the control of the CD4 promoter (CD4-Cre, Taconic) as reported previously (3) . miR-155 floxed mice were also crossed to mice expressing Cre under the control of the LysM promoter (LysM-Cre, The Jackson Laboratory) to restrict Cre-mediated deletion of miR-155 to myeloid cells. Groups of 5-10 sex-matched mice ranging from 6 to 12 weeks of age were used in each mouse experiment, and each experiment was repeated a minimum of two times. All experiments were performed in accordance with Institutional Animal Care and Use Committee (IACUC)-approved mouse protocols.
Cell culture and tumor experiments
B16f10 cells were acquired from the ATTC (catalog no. CRL-6475, lot no. 63048505) and grown in DMEM with 10% FBS, penicillin/streptomycin, and L-glutamine. B16f10-OVA cells were generated from B16f10 cells transfected with an OVAexpressing plasmid with resistance to G418 and grown similarly to B16f10 cells with addition of 0.1 mg/ml G418. Cells were cultured for at least 2 days, up to a confluency of 80 -90%, and passaged once before injection into mice. 1 ϫ 10 6 tumor cells were injected into the hind flank of each recipient in 100 l of sterile PBS. Tumor growth was tracked by measuring the largest diameter of the tumor over a 12-day period. On day 12, mice were euthanized, and end point analysis of tumor and spleen tissues was performed.
Intracellular staining and flow cytometry
After mechanical disruption of tumor tissue, tumor cells were placed on an orbital shaker in Accumax (Innovative Cell Technologies) and incubated for 30 min at room temperature, followed by filtration through a 0.45-micron filter as performed previously (8) . Spleen cells were also subjected to mechanical disruption and filtered through a 0.45-micron filter to obtain a single cell suspension following red blood cell lysis (Biolegend). Cells were stained with a combination of the following fluorophore-conjugated antibodies in Hanks' balanced salt solution supplemented with 10% BSA, pyruvate, EDTA, and HEPES: CD3 PB, CD3 Percp-cy5.5, CD4 PB, CD4 Percp-cy5.5, CD8 APC, CD45 PE-cy7, CD45 PB, Ly6c FITC, MHCII PB, Gr1 PE, CD40 FITC, CD86 Percp-cy5.5, F4/80 PE, F4/80 APC, CD11b Percp-cy5.5, CD11b APC, and IFN␥ PE (eBioscience), all from Biolegend unless noted otherwise. After ϩ T cell effector molecules from mice with the indicated genotypes and treatment conditions. D, expression of CD8 ϩ T cell activation markers from mice with the indicated genotypes and treatment conditions. E, expression of CD4 ϩ T cell effector molecules and markers of activation from mice with the indicated genotypes and treatment conditions. *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005; ****, p Ͻ 0.00005; ns, not significant.
T cell-expressed miR-155 promotes antitumor immunity
staining, the cells were washed, and flow cytometry was performed using a BD LSRFortessa (BD Biosciences), and data were subsequently analyzed using FlowJo software (Tree Star). Sorting of cells was completed on a FACSAria III (BD Biosciences) in the flow cytometry core facility at the University of Utah. (24) , that were significantly derepressed in miR-155 TCKO CD8
ϩ T cells compared with 155 fl/fl control CD8 ϩ T cells (ϪICB). Expression of these genes was then compared between ICB-treated miR-155 TCKO mice and untreated control mice (ϩICB) to determine the effect of ICB on the expression of predicted miR-155 targets in tumor-infiltrating CD8 ϩ T cells. The dashed line delineates genes that were reduced with ICB from genes that were not. B, expression of the miR-155 host gene in CD8 ϩ T cells from the indicated genotypes and treatment conditions. C, expression of the miR-155 targets Socs1, Bach1, Cebpb, and IL7r in CD8 ϩ T cells of the indicated genotypes and treatment conditions. D, screenshot of the HITS-CLIP database from Loeb et al. (24) , demonstrating the miR-155-dependent decrease in the binding of the IL7r 3Ј UTR in miR-155 knockout CD4 ϩ T cells (yellow area) compared with the binding demonstrated in WT CD4 ϩ T cells (blue area). E, luciferase assay designed to test the functional binding of the miR-155 seed region to the 3Ј UTR of IL7r. Utilizing GeneArt technology (Life Technologies), the indicated WT and mutant target sequences of the IL7r along with flanking regions were cloned into the pmiR reporter construct. 293T cells were transfected with either the WT or mutant pmiR reporter with and without miR-155 expression. After 24 h, luciferase expression was measured and normalized with Renilla expression for each sample. miR-155 ϩ conditions were divided by miR-155 Ϫ conditions within each group, and each group was normalized to the pmiR empty vector control, which was set at 1. Bar graphs represent the mean Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005; ****, p Ͻ 0.00005; ns ϭ not significant.
T cell-expressed miR-155 promotes antitumor immunity RNA isolation and qPCR
RNA was isolated from sorted cells with a miRNeasy mini/ micro kit according to the instructions of the manufacturer (Qiagen). cDNA was made utilizing a qScript cDNA synthesis kit (Quanta Biosciences). Quantitative PCR was performed on a RocheLC480 utilizing qPCR master mix (Promega) with the following primer pairs: CXCL10, 5ЈGAAATCATCCCTGCG-AGCCTATCC and 3Ј-GGGTCACCTACCGATCAGGATT-AACG; CXCL9, 5ЈTTGGGCATCATCTTCCTGGAGCAG and 3Ј-GGTGATGTTTAGGGAGTTTCTGGAG; IFI205, 5Ј-AAGATCAAGGCATCTGGGAAAG and 3Ј-CCTCTGGGA-ATGTTCTGGTTC; IFIT1, 5Ј-CAGAAGCACACATTGA-AGAA and 3Ј-TGTAAGTAGCCAGAGGAAGG; IFIT2, 5Ј-GGGAAAGCAGAGGAAATCAA and 3Ј-TGAAAGTTGC-CATACAGAAG; IFIT3, 5Ј-GCCGTTACAGGGAAATA-CTGG and 3Ј-CCTCAACATCGGGGCTCT; L32, 5Ј-AAGC-GAAACTGGCGGAAAC and 3Ј-TAACCGATGTTGGGCA-TCAG. Mature miR-155 expression was assessed by qPCR utilizing the miRCURY LNA Universal RT microRNA cDNA synthesis kit and the miRCURY LNA UniRT PCR primer for the miR-155 5p mature sequence (Exiqon).
ICB experiments
Mice of the indicated genotypes were given 1 ϫ 10 6 B16f10-OVA cells injected subcutaneously into the hind flank. On days 3, 6, and 9 after tumor injection, each mouse in the treated group was given an intraperitoneal 250-l injection of a mixture of ␣PD-1 (clone RMP1-14), ␣PD-L1 (clone 10F.9G2), and ␣CTLA-4 (clone 9H10) (BioXCell InVivoMAb) antibodies prepared at a concentration of 1 mg/ml, 1 mg/ml, and 0.4 mg/ml, respectively. Tumors and spleens from these mice were harvested and analyzed on day 12 after tumor injection.
RNA sequencing
Total RNA was isolated from flow-sorted CD45 ϩ CD3 ϩ CD4 ϩ and CD45 ϩ CD3 ϩ CD8 ϩ T cells from B16f10-OVA tumors with the miRNeasy micro kit (Qiagen). A cDNA library was prepared from RNA samples, and Illumina HiSeq 2500 sequencing was then performed at the University of Utah genomics core facility as described previously (3).
Luciferase assay
A 498-base pair sequence from the 3Ј UTR of mouse IL7r (nucleotides 2537-3034 of IL7r mRNA with a flanking sequence to clone into the pmiR construct) that contains wildtype or mutant binding sites for miR-155 were synthesized by GeneArt Technology (Life Technology) and cloned into the pMiR reporter plasmid. 293T cells were utilized as described previously (40) .
Statistical analysis
Student's t test was performed when comparing two groups, and significance was defined by a p value less than or equal to 0.05. Outlier data were identified using the ROUT method with a Q (false discovery rate) set to 1% in GraphPad Prism. The following denotes the meaning of statistical symbols: *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005; ****, p Ͻ 0.00005. 
